Abstract-This paper presents a new application of a fractional order control system which controls the input energy to a three phase electric arc furnace. Graphite electrodes are used to convert electrical energy into heat via phase electric arcs. Constant arc length is desirable as it implies steady energy transfer from the graphite electrodes to the metallic charge in the furnace bath. With the charge level constantly changing, the electrodes must be able to adjust for the arc length to remain constant. A fractional order PI controller has been developed to be responsible for the vertical adjustment of the electrode tip displacement according to specified set-points to ensure that the arc lengths remain as constant as possible. The simulation results show that the system performances are satisfactory using the proposed method.
I. INTRODUCTION HE production of steel by Electric Arc Furnaces (EAF)
has steadily expanded during the past few decades. The basic operating principle of such furnace has been shown in Fig. 1 . Whether in the AC or the DC type, the electric arcs are struck from one or more electrodes to metallic charges.
Electric arc furnaces are used to produce steel by melting scrap together with some other raw materials using an electrical supply as the main energy input. The graphite electrodes connected to the electrical supply are used to convert electrical energy into extensive heat by means of high current electric arcs drawn between the electrode rips and the metallic charge. The electric arcs cause the solid scrap to be transformed into the liquid state. The molten steel is then converted to a specified grade with addition of chemical substances by means of oxygen blowing and carbon injection. Electric current in the graphite electrodes will remain constant if the length of the electric arcs is constant [1] .
Due to power system problems attributed to EAFs, there has been an ongoing need for models that can be used to represent this type of nonlinear load in order to better assess the impact to EAF installations, whether existing, up-graded or new. The problem is complicated by the fact that the EAF voltage vs. current characteristic is essentially much nonlinear.
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Fig. 1 Electrode position control system
Several known approaches for modeling and predicting the behavior of EAFs include the use of nonlinear resistance, mathematical, stochastic and system identification approaches, as well as methods based on v-i characteristic, power or current/voltage sources and a combination of thereof.
Tap changes on the furnace transformer are the main source for the controlling electrical power. However constant arc lengths imply that the power input to the arc furnace load is stable around the set-point determined by the tap changer, which results in effective production. Arc current is mainly used as the control variable in an industrial electric arc furnace because of its direct relation with the length of the electric arcs and some other advantages. In this work a fractional order PI controller has been presented to adjust the position of the electrodes of EAF.
Early EAF models, most often were based on explicit mathematical equations and empirical relations which did not directly incorporate the quasi-stochastic nature of EAF operation. One interesting approach, however, was the use of an analog approach to represent the furnace in system studies. Modeling methods based on explicit mathematical equations are reported in [2] and [3] . These techniques involve the use of a dynamic arc model and are developed using a differential equation approach that is based on the principle of conservation of energy.
Several studies have modeled the EAF in terms of a controlled voltage source [4] . With this approach, the random operation of the arc has been modeled by stochastically modifying its v-i characteristics. A modeling approach using a time domain controlled voltage source is presented in [5] . This model is based on a piece-wise linear approximation of the v-i characteristic of the arc furnace load. power consumed by the load, the load model is dependent on the operating conditions of the furnace. More recently, adaptive data-driven approaches have been used for EAF modeling [6] . These are model structures; also refer to as black-box methodologies that can be used to describe any non-linear dynamics. These model structures include neural networks, radial basis networks, fuzzy rule based networks, and wavelet networks [11] . Neural network based approaches, including radial basis function and multilayer perceptron, both using data collected from operational EAF are reported in [6] and [7] . A modeling approach based on extended Kalman filters is described in [8] . Works in [9] and [10] relate to use of adaptive neuro-fuzzy inference mechanism for simulation and modeling of both EAF and its regulator control loop.
Furthermore, a number of modeling techniques have used the actual EAF measurements together with parametric system identification approaches. [12] reported a model using auto regression. This method uses actual measurements and an autoregressive model to represent the random variation of the arc length. A model using parametric system identification techniques is presented in [13] . This method used data collected from an operating EAF and both AR (auto regression) and ARX (auto regression with auxiliary input) models to explain the dynamics of electric arc furnaces.
An electric arc is defined as discharging gas between two electrodes (anode and cathode) which are connected to a voltage source. In an electric arc furnace process, the main electrode consists of graphite material. The electrical energy input will be applied to the graphite electrodes. The scrap metal and other raw materials to be melted constitute the other electrode. The discharging arc is also known as plasma and consists of negatively charged electrons and positive gas ions [14] .
The application of fractional order controller attracts increasing attention in recent years. Fractional order controllers are described by fractional order differential equations. Expanding derivatives and integrals to fractional orders can adjust control system's frequency response directly and continuously. This great flexibility makes it possible to design more robust control system. This paper is organized as follows: explicit mathematical equations and a differential equation approach that is based on the principle of conservation of energy which models the EAF in the terms of a controlled voltage source is described in Section 2. In section 3, a fractional order control system is employed to maintain the arc length as constant as possible and minimizes the input energy to the EAF. Arc current, resistance and arc voltage are shown in section 4, where simulation results of variable arc lengths on the inputs of the electrical model are presented. Finally, Section 5 concludes the paper.
II. THE EAF MODEL
A three-phase electric arc furnace can be modeled as an electric circuit with the arc being represented by a variable resistance [15] . Such a model will be very advantageous because the highly nonlinear electric arc has to function as a 
These relatively simple differential equation models are based on simplifications of principal power-loss mechanisms and energy storage in the arc column. They provide a qualitative understanding of the phenomenon that determines arc striking or extinction in energy-balance systems. In this paper, a combined Cassie and Mayr model is used to represent the arc impedance characteristics. The two models are combined into a single model by defining a transition current I 0 . Cassie's model will dominate when the arc current is bigger than I 0 and when the arc current is smaller than I 0 , Mayr's model dominates. However, to allow for smooth transition between the two models, a transition function σ(i) is defined, which is a function of the arc current such that the final arc conductance is given by
where G c and G M are the conductance given by (1) and (2), respectively. The transition factor varies between zero and unity and should be a monotonically decreasing function when arc current increases. The transition factor is given by
When the arc current i is small, the value of σ is close to unity and G is dominated by the Mayr conductance G M . When i is large, σ is negligible and, therefore, G is dominated by the Cassie conductance G C . (3) and (4) When an arc is igniting or extinguishing, the energy stored per unit volume is large compared with the energy loss per unit volume. Thus, θ should be a function of the arc current i. When the arc stabilizes, error of i is small and can be represented as follow:
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The main objective is to maintain a constant RMS value for the electrical energy input. Measured arc currents are compared with specified reference values. The measured values and their errors serve as inputs to a fractional controller, which determines whether the electrodes should be raised or lowered and by how much.
III. THE FRACTIONAL ORDER PI CONTROLLER
Fractional order control systems are described by fractional order differential equations. Fractional calculus allows the derivatives and integrals to be any real number. The fractional order PI (FOPI) controller is the expansion of the conventional PI controller based on fractional calculus. Fractional order differential equations are at least as stable as their integer orders counterparts; this is because systems with memory are typically more stable than their memory-less alternatives [17] .
In fractional order systems, the characteristic polynomial is a multivalued function of s, the stability domain be viewed as a Riemann surface bounded by a cone [18] , with vertex at the origin, and that extends into the right half of the complex plane s such that it encloses an angle of ±σπ/2. When σ = 0.5 we get the stability domain of the integer order system.
The fractional-order differentiator can be denoted by a general operator (9) where the constant α is related to the initial conditions and σ is the fractional order which can be a complex number and R(σ) is the real part of σ. But in this paper, σ is assumed as a real number that satisfies the restrictions 0 < σ ≤ 1. The mathematical definition of fractional derivatives and integrals has been the subject of several descriptions.
The differential equation of FOPI controller is described by
where k 1 is a proportional constant and k 2 is an integration constant. Taking k 3 = 1 a classical PI controller is obtained. In (10), k 1 , k 2 and k 3 are chosen by a method described in [18] .
IV. SIMULATION RESULTS
In an electric arc furnace process the distances between the electrode tips and the metallic charge is highly variable due to the random nature of the scrap. The electrical quantities are simulated here with variable arc lengths on the inputs of the electrical model. Note that these variations are completely random in practice.
The arc current, resistance and arc voltage are the interesting variables to illustrate the behavior of an electric arc furnace for variable arc lengths. For this specific simulation, the arc lengths of phase 2 and 3 are kept constant at 1cm. The arc length on phase 1 is varied for 0.1 seconds. The arc length applied to phase 1 for this simulation is illustrated in Fig. 2 . Note time instances 0.03 and 0.07s when the arc length changes.
The simulated arc current and resistance of phase 1 are shown in Figs. 3-4 , respectively. The arc current of phase 1 decreases almost with 1KA (RMS value) if the arc length is changed from 1cm to 10cm. the arc resistance for the same step in arc length increases from about 0.015 to 0.05Ω. The simulated arc voltage of phase 1 is shown in Fig. 5 . The arc voltage increases significantly when the arc length is changed from 1cm to 10cm and decreases when the arc length decreases.
The arc current vs. arc voltage diagram for phase 1 is illustrated in Fig. 6 . The arc length in Fig. 2 has three different values which relate to three separate voltage/current characteristics. This paper describes a fractional order PI (FOPI) controller to run an electric arc furnace (EAF) system. The purpose of such controller is to maintain the arc length as constant as possible by adjusting the vertical displacement of the electrodes of the EAF. The electrode system modeled in this paper is motivated by the need for constant electrical power input. Three-phase electrical arc current is used as inputs for the derived model. Measured arc current is continuously compared with desired set-points for control purposes. The controlled electrical arc current together with arc impedance and arc voltage were used to investigate the electrical properties of a three-phase electric arc furnace. The complete model consists of the electrical supply, three hydraulic actuators and the three phase electric arcs. The electrical supply was modeled as a three-phase circuit. This model is mostly based on laws relating to science. The simulation results show the effectiveness of the proposed algorithm for the electrode tip displacement control.
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